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Method and Apparatus for Amplification of Nucleic Acid 
Sequences by using Thermal Convection 

Cross-Reference To Related Applications 

[0001] The present application is a continuation-in-part application claiming benefit of priority 
to PCT/KR02/01728, filed on September 14, 2002, the contents of which are incorporated by 
reference herein in its entirety. 

Technical Field 

[0002] The present invention generally relates to methods and apparatuses for amplifying 
nucleic acid sequences. More particularly, it relates to methods and apparatuses using thermal 
convection, in which temperature controlled amplification processes including the polymerase chain 
reaction (PGR) and related processes can be performed to amplify target nucleic acid sequences 
from genetic samples containing DNA or RNA. 

Background Art 

[0003] Nucleic acid sequence amplification technology has a wide application in bioscience, 
genetic engineering, and medical science for research and development and diagnostic purposes. 
In particular, the nucleic acid sequence amplification technology using PGR (hereafter referred to as 
"PGR amplification technology") has been most widely utilized. Details of the PGR amplification 
technology have been disclosed in US Pat. No. 4,683,202; 4,683,195; 4,800,159; and 4,965,188. 

[0004] Various apparatuses and methods incorporating automated PGR amplification processes 
have been developed and used for fast and efficient amplification of a variety of genetic samples. 
The basic working principle of such technology is as follows. 

[0005] In the commercialized PGR amplification technology, a sample is prepared to contain a 

template DNA to be amplified, a pair of oligonucleotide primers complementary to a specific 

sequence of each single strand of the template DNA, a thermostable DNA polymerase, and 

deoxynucleotide triphosphates (dNTP). A specific portion of the nucleic acid sequence of the 
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template DNA is then amplified by repeating a temperature cycle that sequentially changes the 
temperature of the sample. Typically, the temperature cycle consists of three or two temperature 
steps, and the amplification processes during the temperature cycle occur in the following manner. 

[0006] The first step is the denaturation step in which the sample is heated to a high temperature 
and double stranded DNAs become separated to single stranded DNAs. The second step is the 
annealing step in which the sample is cooled to a low temperature and the single stranded DNAs 
formed in the first step bind to the primers, forming partially double stranded DNA-primer 
complexes. The last step is the polymerization step in which the sample is maintained at a suitable 
temperature and the primers in the DNA-primer complexes are extended by the action of the DNA 
polymerase, generating new single stranded DNAs that are complementary to each of the template 
DNA strands. The target nucleic acid sequences as selected by the sequences of the two primers 
are replicated during each cycle consisting of the above three steps. Typically, several millions or 
higher number of copies of the target nucleic acid sequences can be produced by repeating the 
temperature cycles for about 20 to 40 times. 

[0007] The temperature of the denaturation step is typically 90-94 'C. The temperature of the 
annealing step is controlled appropriately according to the melting temperatures (Tm) of the primers 
used, and it typically ranges from 35 to 65 "C. It is typical to set the temperature of the 
polymerization step to 72 1! and use a three-step temperature cycle, since the most frequently used 
Taq DNA polymerase (a thermostable DNA polymerase extracted from Thermus aquaticus) has the 
optimal activity at that temperature. A two-step temperature cycle in which the polymerization 
temperature is set to the same as the annealing temperature, can also be used since the Taq DNA 
polymerase has a broad temperature range of the polymerase activity. 

[0008] In the most widely used method, a reaction vessel containing the sample is made in 
contact with a solid metal block having a high thermal conductivity, and the temperature of the solid 
metal block is changed by combining it with heating and cooling devices to achieve the desired 
temperature cycling of the sample. The commercial products adopting this type of methods often 
use a gold-plated silver block that has very high thermal conductivity and/or the Peltier cooling 
method in order to achieve rapid temperature change. Recently, methods using a fluid such as gas or 
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liquid as a heat source instead of the solid metal block, have been developed to achieve rapid 
temperature change, and products using such methods are being commercialized. In this type of 
methods, a fluid heated to a suitable temperature is circulated around the reaction vessel in a manner 
that an efficient thermal contact can be provided between the fluid heat source and the reaction 
vessel containing the sample. Other types of methods have also been developed to achieve rapid 
temperature cycling. Additional examples include a method of contacting the reaction vessel 
containing the sample or the sample itself sequentially with multiple heat sources each at a specific 
temperature, a method of heating the sample directly with infrared radiation, etc. . 

[0009] The prior nucleic acid sequence amplification apparatuses have a number of drawbacks 
as they operate to change the temperature of the whole sample according to the three- or two-step 
temperature cycle. 

[0010] Firstly, the prior nucleic acid sequence amplification apparatuses of the temperature 
cycling type are complex in their design since processes for changing the sample temperature are 
necessary. In order to perform such temperature change processes, the method incorporating a 
solid metal block or a fluid as a heat source requires a means for controlling and changing the 
temperature of the heat source rapidly and uniformly and also a means for controlling the time 
interval of the temperature change. Similarly, the method of contacting the reaction vessel or the 
sample sequentially with multiple heat sources each at a specific temperature requires a means for 
moving the reaction vessel or the sample quickly and precisely and also a means for controlling the 
moving time and interval. 

[0011] Secondly, it is difficult to integrate the prior nucleic acid sequence amplification 
apparatuses in a complex apparatus or a miniaturized device, due to their complicated design. 
Recently, miniaturized complex apparatuses are under development in the biotechnology field. 
For example, Lab-on-a-chip has been developed by integrating channels for sample passage, valves, 
pressure gauges, reaction vessels, detection units, etc. as a single unit on a glass, silicon, or polymer 
plate using photolithography. Such miniaturized complex apparatuses are expected to have wide 
applications for various research and medical purposes. In the case that a nucleic acid sequence 
amplification apparatus needs to be integrated to such miniaturized chip, the prior method has a 
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drawback in miniaturization because it requires a complex design to enable the temperature change 
processes. Furthermore, it is difficult to integrate the prior apparatuses in a complex apparatus in 
which rapid temperature change is not desirable. 

[0012] Thirdly, the prior nucleic acid sequence amplification apparatuses can only use 
thermostable DNA polymerases such as Taq DNA polymerase. This is because the prior 
apparatuses have the process of heating the whole sample to a high temperature. 

[0013] Finally, the prior nucleic acid sequence amplification apparatuses have a limitation for 
reducing the PCR reaction time. Since the prior apparatuses require the processes for changing the 
temperature of the whole sample, the PCR reaction time must take more time at least as much as the 
time needed for the temperature change. 

Summary of the Invention 

[0014] The present invention is contrived to solve the above problems. It is an objective of the 
present invention to provide a new nucleic acid sequence amplification method and apparatuses 
thereof based on thermal convection. The new method and apparatuses according to the present 
invention achieve amplification of nucleic acid sequences by forming a plurality of specific regions 
having different temperatures inside the sample and thereby causing natural thermal convection of 
the sample to occur as a result of the temperature gradient among the different regions. 

[0015] It is also an objective of the present invention to provide a method and apparatuses 
thereof that are simpler in their design and do not require complex components such as a means for 
changing the temperature in a controlled manner and a means for controlling the time interval of the 
temperature change as are required in the prior temperature cycling methods and apparatuses. 

[0016] Therefore, it is another objective of the present invention to provide a nucleic acid 
sequence amplification method and apparatuses thereof that are simpler than the prior art so that 
they can be readily miniaturized and thus integrated into complex miniaturized apparatuses such as 
Lap-on-a-chip. 
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[0017] It is still another objective of the present invention to provide a nucleic acid sequence 
amplification method and apparatuses thereof based on the thermal convection in which not only 
the thermostable DNA polymerases but also non-thermostable DNA polymerases can be used. 

[0018] It is still further objective of the present invention to provide a more efficient nucleic 
acid sequence amplification method and apparatuses thereof that do not require the temperature 
change processes needed in the prior art. 

[0019] Other objects and advantages of the invention will become clear to those skilled in the 
art from the following detailed description, claims, and drawings. 

[0020] In order to achieve the above objectives, the present invention provides a new nucleic 
acid sequence amplification method and apparatuses thereof based on the novel thermal convection 
type operation principle described below. 

[0021] To achieve the above objectives, the present invention provides a nucleic acid sequence 
amplification method using PCR, which method comprises: 

[0022] a step of injecting into a reaction vessel a sample containing a template DNA having 
target nucleic acid sequences to be amplified, DNA polymerase, deoxyadenosine triphosphate, 
deoxycytidine triphosphate, deoxyguanosine triphosphate, deoxythymidine triphosphate, and at 
least two oligonucleotide primers complementary to the 3' terminus of each of the target nucleic 
acid sequences; and 

[0023] a step of maintaining a specific spatial temperature distribution in the sample by 
contacting thermally with the sample a plurality of heat sources which supply heat to, or remove 
heat from specific regions of the sample such that a relatively high temperature region is located 
lower in height than a relatively low temperature region, 

[0024] wherein the specific spatial temperature distribution comprises specific spatial regions 
each fulfilling a temperature condition suitable for (i) a denaturation step in which double stranded 
DNAs become separated to single stranded DNAs, (ii) an annealing step in which the single 
stranded DNAs formed in the denaturation step hybridize to the primers to form DNA-primer 
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complexes, or (iii) a polymerization step in which the primers in the DNA-primer complexes are 
extended by the polymerization reaction, 

[0025] and wherein the specific spatial temperature distribution is a temperature distribution 
that induces circulation of the sample by thermal convection so that the denaturation, annealing, and 
polymerization steps occur sequentially and repeatedly inside the sample. 

[0026] To achieve the above objectives, the present invention provides a nucleic acid sequence 
amplification apparatus using PGR, which apparatus comprises: 

[0027] a plurality of heat sources which may supply heat to, or remove heat from a plurality of 
specific regions in a sample contained in a reaction vessel, 

[0028] wherein the heat sources are arranged to maintain a specific spatial temperature 
distribution in the sample such that a relatively high temperature region is located lower in height 
than a relatively low temperature region, 

[0029] wherein the specific spatial temperature distribution comprises specific spatial regions 
each fulfilling a temperature condition suitable for (i) a denaturation step in which double strand 
DNAs become separated to single strand DNAs, (ii) an annealing step in which the single strand 
DNAs formed in the denaturation step hybridize to the primers to form DNA-primer complexes, or 
(iii) a polymerization step in which the primers in the DNA-primer complexes are extended by the 
polymerization reaction, 

[0030] and wherein the specific spatial temperature distribution is a temperature distribution 
that induces circulation of the sample by thermal convection so that the denaturation, annealing, and 
polymerization steps occur sequentially and repeatedly inside the sample. 

[0031] In the present invention, spatial regions are generated inside the reaction vessel 
containing the sample, in which regions the denaturation, annealing, and polymerization steps can 
occur sequentially and repeatedly. In order to achieve this, a plurality of heat sources are 
combined to supply heat to, or remove heat from the specific regions of the sample, and moreover a 
relatively high temperature region is located to be lower in height than a relatively low temperature 
region. This results in generation of a natural thermal convection as a result of the temperature 
gradient between the specific regions, thereby causing circulation of the sample among the different 
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temperature regions. Thus, the denaturation, annealing, and polymerization steps can occur 
sequentially and repeatedly, resulting in amplification of nucleic acid sequences. 

[0032] As described, the nucleic acid sequence amplification apparatuses of the present 
invention are based on the thermal convection method and it has the following characteristics in 
their design. Firstly, the apparatus of the present invention requires a plurality of heat sources that 
can maintain a plurality of specific temperature regions in the sample inside the reaction vessel at 
selected temperatures. Secondly, a relatively high temperature region should be positioned lower 
in height than a relatively low temperature region so as to induce circulation of the sample among 
the specific temperature regions via thermal convection. More specifically, the sample in the high 
temperature region has a lower density than that in the low temperature region. Therefore, the 
buoyant force is generated and it causes the sample to move from the high temperature region at the 
lower position to the low temperature region at the higher position, while the gravitational force 
causes the sample to move in the opposite direction. A natural thermal convection is thus 
generated by the temperature difference, resulting in circulation of the sample among the specific 
temperature regions. Finally, the temperatures of the specific temperature regions should be selected 
such that spatial regions, in which the denaturation, annealing, and polymerization steps can occur 
in each region, can be formed in the sample and also the three steps can be performed sequentially 
and repeatedly by thermal convection-induced circulation of the sample among the specific 
temperature regions at an appropriate speed. 

[0033] The objectives, features and advantages described above will be apparent from the 
following detailed description provided in connection with the attached drawings. In describing the 
present invention, detailed explanation on the related prior art will be omitted when it can 
unnecessarily make the points of the present invention ambiguous. 

Brief Description of Drawings 

[0034] Figure 1 shows a schematic diagram of the operation principle of the nucleic acid 
sequence amplification method based on the thermal convection. 

[0035] Figure 2a and 2b show schematic diagrams of the cases having more than three specific 
temperature regions in the sample. 
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[0036] Figure 3a and 3b show a cross sectional view and a perspective view, respectively, of the 
nucleic acid sequence amplification apparatus according to the present invention. 
[0037] Figure 4 shows the temperature distribution of the sample at various heights in the 
reaction vessel. 

[0038] Figure 5 is a photograph of the electrophoresis result illustrating results of Example 1 at 
various reaction times. 

[0039] Figure 6 is a photograph of the electrophoresis result illustrating results of Example 2 for 
each pair of primers. 

[0040] Figure 7 is a photograph of the electrophoresis result illustrating results of Example 3 at 
various reaction times. 



[0041] 


Explanation on the numbers of the important parts in the drawings 


[0042] 


1, 1': High temperature region 


[0043] 


2, 2': Low temperature region 


[0044] 


3, 4, 3', 4': Heat source 


[0045] 


5: Convection region 


[0046] 


6: Reaction vessel 


[0047] 


101: First conduction block 


[0048] 


102: Second conduction block 


[0049] 


103: Reaction vessel 


[0050] 


104: Heating device 


[0051] 


105: Inlet of temperature control fluid 


[0052] 


106: Outlet of temperature control fluid 


[0053] 


107: Insulator 


[0054] 


112, 117: Through hole 


[0055] 


111: Opening 



Detailed Description of the Invention 

[0056] As used herein, by "height" it is generally meant vertical height. 



8 



Express Mail Label: ER 637223271 US PATENT 

12090-03USA 

[0057] As used herein, "reaction vessel" refers to any container, which may contain a sample 
comprising nucleic acid in which a PGR reaction may occur by thermal convection. The reaction 
vessel may be made of a wide variety of material so long as it is capable of conducting heat and is 
able to impart heat to or remove heat from the sample. The reaction vessel is not limited by size or 
shape so long as a PGR reaction is capable of being carried out through thermal convection. For 
example, although Figure 3 exemplifies what looks to be a straight cylindrical reaction vessel, the 
invention is not bound by any particular shape. For instance, the reaction vessel may be tapered 
from top to bottom or from bottom to top, so long as thermal convection is capable of being 
established within the sample in the reaction vessel. 

[0058] As used herein, the "first conduction block" refers to the heat conductive element that 
generally imparts heat to the sample. 

[0059] As used herein, the "second conduction block" refers to the heat conductive element that 
generally removes heat from the sample. In this regard, the apparatus depicted in Figure 3 is for 
illustration only and various modifications and improvements are possible, so long as that the 
second conduction block is capable of removing heat from the sample at the site of contact. In one 
embodiment, the apparatus depicted in Figure 3 may be modified to improve the thermal contact of 
the heat source with the sample. For instance, the second thermally conductive block 102 that works 
as a cooling unit may be modified so as to make physical contact with the sample itself instead of 
being in contact with the reaction vessel. In another embodiment, the shape of the second thermally 
conductive block may be modified to comprise a plurality of protrusions in the shape of dip sticks 
each of which may fit into the opening of the reaction vessel on the top and thus make physical 
contact with the upper portion of the sample. 

[0060] In yet another embodiment, the second thermally conductive block may be modified to 
comprise a plurality of receptors that fit to a plurality of dip sticks. In this embodiment, each of the 
dip sticks may be installed in the opening on the top of the reaction vessel and make physical 
contact with the upper portion of the sample and also with one of the receptors included in the 
second thermally conductive block. 
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Best Mode for Carrying Out the Invention 

[0061] Below, the preferred embodiments according to the present invention are explained in 
detail referring to the attached drawings. 

[0062] Figure 1 shows a schematic diagram of the operation principle of the nucleic acid 
amplification method based on the thermal convection. The embodiment shown in Figure 1 
exemplifies the case in which a straight tubing with its one end closed is used as a reaction vessel 
and two specific temperature regions 1 and 2 are generated. However, as shown in the 
embodiments depicted in Figure 2, reaction vessels having modified shapes may be used and three 
or more specific temperature regions may be generated. It should be apparent to those skilled in the 
art that various modifications including those described above may be contemplated based on the 
thermal-convection operation principle of the nucleic acid amplification method according to the 
present invention. 

[0063] In one embodiment as shown in Figure 1, the reaction vessel is in thermal contact with 
two heat sources 3 and 4 that supplies heat to, or removes heat from the specific regions 1 and 2 in 
the sample directly or indirectly through the wall of the reaction vessel, thereby forming a spatial 
temperature distribution in the sample. The temperature distribution thus formed allows the three 
steps, the denaturation, annealing, and polymerization steps required in PCR to occur. Among the 
two regions 1 and 2 having different temperatures, the relatively high temperature region 1 is 
positioned lower in height than the relatively low temperature region 2. The temperature 
difference generates density difference in the sample. The buoyant force exerted on the low density 
sample in the high temperature region 1 and the gravitational force exerted on the high density 
sample in the low temperature region 2 generate a thermal convection of the sample. Thus the 
sample naturally circulates among the different spatial regions in each of which the denaturation, 
annealing, and polymerization steps can occur. This design makes the three PCR steps occur 
sequentially and repeatedly, thereby achieving amplification of DNA nucleic acid sequences by the 
PCR process. A more detailed operation is exemplified below. 



[0064] For instance, the high temperature region 1 located at the bottom of the sample may be 
maintained at a temperature between 90 to 94 °C at which temperature double strand DNAs can be 
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separated into single strand DNAs. Such arrangement makes the denaturation step occur mainly in 
the region 1. The low temperature region 2 may be maintained at the annealing temperature 
between 35 to 65 'C so that the DNAs denatured at the high temperature region at the bottom 
portion moves to the low temperature region at the upper portion by thermal convection, and 
therefore the single stranded DNAs can anneal with the primers that are complementary to the 
single stranded DNAs, forming DNA-primer complexes. In this arrangement, if Taq DNA 
polymerase, known to have its optimal activity at 72 "C and a wide temperature range of activity 
even to low temperature, is used for polymerization, the polymerization step, where DNA 
polymerase binds to the DNA-primer complex and the primer is extended, can occur in the low 
temperature region 2 and at the upper portion of the convection region 5. Therefore, the 
denaturation step occurs first in the high temperature region 1 and the denatured DNAs move to the 
low temperature region 2 by thermal convection. The annealing step thus occurs in the low 
temperature region in the presence of the primers. The polymerization step finally occurs in the 
presence of DNA polymerase during the time period that the DNA-primer complexes formed in the 
annealing step are passing through the low temperature region 2 and the convection region 5 by 
thermal convection. Consequently, the denaturation, annealing, and polymerization steps can occur 
sequentially and repeated, thereby amplifying efficiently the target sequences of the sample DNA. 

[0065] In other embodiments as shown in Figure 2, it is contemplated that three specific regions 
of the reaction vessel are in thermal contact with a plurality of heat sources. Figure 2a shows a 
schematic diagram illustrating one embodiment in which a plurality of heat sources 3, 3', and 4 are 
arranged to form two high temperature regions 1 and 1' and one low temperature region 2. Figure 
2b shows a schematic diagram illustrating another embodiment in which a plurality of heat sources 
3, 4, and 4' are arranged to form one high temperature region 1 and two low temperature regions 2 
and 2\ The plurality of the heat sources used herein may be arranged separately for each 
temperature region or a same heat source may be used for more than one temperature regions. In 
the embodiment illustrated in Figure 2a, if the two high temperature regions 1 and V are designed 
for the denaturation and polymerization steps, respectively, each region should be contacted with a 
heat source that can maintain the temperature of that region suitable for each step. In the 
embodiment illustrated in Figure 2b, if both of the two low temperature regions 2 and 2' are 
designed for the annealing step, it is preferable to use one heat source in replacement of the two heat 
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sources 4 and 4\ In addition, Figure 2b shows that it is possible according to the present invention 
to construct a reaction vessel having separate sample inlet and outlet. 

[0066] In order to improve the efficiency of the present invention, it is important to control the 
speed of the thermal convection such that the reaction at each step can occur sufficiently and at the 
same time the total reaction time can be reduced. This can be achieved by (a) controlling the 
temperature gradient between the specific temperature regions, (b) controlling the diameter of the 
reaction vessel, or (c) changing the material of the reaction vessel. When controlling the 
temperature gradient to adjust the thermal convection speed, it is most convenient to vary the 
temperature difference between the specific temperature regions. However, this has a limitation 
since each of the specific temperature regions has its own function for PCR that is dependent on 
temperature. Therefore, the distance between the high temperature region (1 and 1') and the low 
temperature region (2 and 2') may be varied to obtain the same effect. For instance, the 
temperature gradient becomes smaller as the distance between the two temperature regions becomes 
larger if the temperature difference remains the same, and thus the thermal convection speed 
becomes reduced. Since the adhesion force between the wall of the reaction vessel and the sample 
is a factor that inhibits the thermal convection, the thermal convection speed can be controlled by 
adjusting the diameter of the reaction vessel. As the ratio of the surface area of the reaction vessel 
in contact with the sample relative to the volume of the sample becomes larger, the adhesion force 
increases and the thermal convection speed decreases. Therefore, the thermal convection speed 
can be controlled by adjusting the diameter of the reaction vessel, thereby controlling the surface 
area of the reaction vessel in contact with the sample. The adhesion force between the sample and 
the wall of the reaction vessel also has an intimate relation with the material of the reaction vessel. 
Because the PCR process is normally performed in an aqueous solution, hydrophobic materials such 
as polyethylene and polypropylene that have weaker adhesion force with water give rise to higher 
convection speeds as compared to hydrophilic materials such as glass. Therefore, the efficiency of 
the present invention can be improved further by designing the reaction vessel suitable for the PCR 
reaction kinetics based on the principles described above. 

[0067] Figure 3 shows a cross sectional view (Figure 3a) and a perspective view (Figure 3b) of 
the nucleic acid sequence amplification apparatus according to one embodiment of the present 
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invention. The apparatus shown in Figure 3 comprises a plurality of heat sources as means for 
maintaining temperature, which include a heating unit; a cooling unit; or a combination of a heating 
unit and a cooling unit. Preferably, an insulating means may be included in between the heat 
sources to thermally insulate the heat sources. In this particular embodiment, the apparatus 
comprises first and second heat sources that are in thermal contact with specific regions of the 
sample. The first heat source consists of a first thermally conductive block 101 and an electric 
heating unit 104 that supplies heat to the first thermally conductive block. The first thermally 
conductive block is in thermal contact with the bottom of the reaction vessel to form a high 
temperature region at the bottom of the sample. The second heat source consists of a second 
thermally conductive block 102 and a circulating water bath that circulates water at certain 
temperature through the inside of the second thermally conductive block to maintain the 
temperature of the second thermally conductive block at a suitable temperature. The second 
thermally conductive block 102 is in thermal contact with the upper portion of the reaction vessel to 
form a low temperature region at the upper portion of the sample. The second thermally 
conductive block 102 comprises an inlet 105 though which water flows in from the water bath, an 
outlet 106 through which the water flows out, and a fluid circulation channel for circulating the 
water inside the second thermally conductive block. Although the fluid circulation channel in the 
second thermally conductive block is not depicted in Figure 3, the person skilled in the art can 
understand that the fluid circulation channel is designed to transfer heat uniformly to the second 
thermally conductive block 102. The material of the thermally conductive blocks 101 and 102 is 
selected to be copper that has a high thermal conductivity, and an insulator 107 is inserted between 
the two blocks to prohibit direct heat transfer. The first and second thermally conductive blocks 
101 and 102 have receptor openings for introduction of the reaction vessels. The receptor opening 
consists of an opening 111 having its one end closed in the first thermally conductive block 101, a 
through hole 112 in the second thermally conductive block, and another through hole 117 in the 
insulator. 

[0068] In Example 1, 2, and 3 described later, the high temperature region at the bottom of the 
sample is maintained at 94 by controlling the electric heating unit 104, and the low temperature 
region at the upper region of the sample at 45 'C by controlling the temperature of water in the 
circulating water bath. 
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[0069] The present invention is not limited to the nucleic acid sequence amplification apparatus 
depicted in Figure 3. The following modifications are possible. 

[0070] Firstly, the structures of the thermally conductive blocks 101 and 102 may be modified. 
For instance, the first thermally conductive block 101 may be contacted thermally with the bottom 
portion of the reaction vessel and the second thermally conductive block 102 with the upper portion 
of the reaction vessel, while the middle of the reaction vessel may be contacted with air or a third 
thermally conductive block. In addition, different from the embodiment depicted in Figure 3 in 
which heat is transferred from the blocks to the specific regions of the sample through the wall of 
the reaction vessel, the thermally conductive blocks may be contacted directly with the sample. 

[0071] Secondly, the material of the thermally conductive blocks may be modified. In the 
embodiment depicted in Figure 3, the thermally conductive blocks 101 and 102 made of copper are 
used, but the material is not limited to copper. Nearly any material that can transfer heat to the 
reaction vessel may be used. For instance, other thermally conductive solid or fluid such as liquid 
or gas may be used in replacement of the thermally conductive blocks used above. For some 
instance, infrared radiation or other means may be used in replacement of some or all of the 
thermally conductive blocks 101 and 102. 

[0072] Thirdly, means for maintaining the temperatures of the first and second thermally 
conductive blocks are not limited to a circulating water bath or an electric heating unit. Nearly any 
unit that can supply heat to, remove heat from the sample may be used. 

[0073] Fourthly, nearly any means such as solid, liquid, or gas may be used in replacement of 
the insulator 107 depicted in Figure 3 as far as it is suitable for insulating heat transfer between 
conductive materials. It is also possible to use a composition that does not include the insulator. 

[0074] Finally, when a modified reaction vessel (for example, those shown in Figures 2a or 2b) 
is used instead of the reaction vessel illustrated in Figure 1 to facilitate the thermal convection, one 
may use a plurality of heat sources including thermally conductive blocks and their modifications 
that are suitably modified based on the principle of the present invention 
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[0075] The first, second, and third cases described above are examples in which a part of the 
heat source, particularly the thermally conductive block, is modified. As used herein, the heat 
source refers to any means that can be used for maintaining the temperature of the sample at a 
specific value. Therefore, in addition to the modification examples of the heat sources described 
above, any device may be used as a heat source in the present invention as far as it can be used to 
maintain a specific region of the sample at a selected temperature. The present invention includes 
nearly any apparatus that has a function of maintaining specific regions of the sample at selected 
temperatures. This is because the present invention is characterized not by a particular design of 
the heat sources but by the special arrangement of the heat sources intended for generating a 
specific temperature distribution inside the sample that enables the PCR process to occur 
sequentially and repeatedly. 

[0076] More detailed designs of the modification examples described above may be varied 
depending on the development of industrial technologies. Therefore, detailed explanations are 
omitted. 

[0077] Figure 4 shows a temperature distribution measured at various heights from the bottom 
of the reaction vessel, demonstrating the principle of the PCR process based on the thermal 
convection. The thermal convection is a phenomenon by which movement of fluid is induced by a 
density difference generated by difference in temperature. This type of convection is referred to as a 
natural convection, distinguished from a forced convection where fluid is forced to move by a pump 
or a propeller. The term convection as used in the present invention always refers to a natural 
convection. For a natural convection to occur in the reaction vessel, the bottom portion of the 
sample in the reaction vessel should be higher in temperature than the upper portion. 

[0078] As can be seen in Figure 4, when the first thermally conductive block 101 contacting 

with the bottom portion of the reaction vessel is maintained at 96 1; and the second thermally 

conductive block 102 contacting with the upper portion at 45 'C, the high temperature region (the 

region with the temperature higher than or equal to 90 1; in Figure 4), the low temperature region 

(the region with the temperature near 50*0), and the convection region (the region having a 

temperature gradient) are formed. The sample is subject to the denaturation step in the high 

temperature region. The denatured sample then moves to the low temperature region across the 
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convection region, in which the sample is subject to the annealing step. While staying in the low 
temperature region and moving back through the convection region from the low temperature 
region, the sample is subject to the polymerization step. Thermal convection causes the sample to 
circulate the three regions sequentially and repeatedly, thereby leading to amplification of nucleic 
acid sequences by PGR. 

[0079] Figure 7 shows the results obtained by using DNA polymerase immobilized on the solid 
surface. The term "immobilized DNA polymerase" as used herein is meant a DNA polymerase 
that is immobilized on a solid support with its polymerase activity preserved. Various methods 
may be used to prepare the immobilized DNA polymerase, but it should provide an immobilized 
DNA polymerase that has a high enough polymerase activity so as to enable detection of nucleic 
acid sequences amplified by PGR of template DNAs. The immobilized DNA polymerase used in 
the examples of the present invention was prepared to preserve a high polymerase activity by using 
a method in which the active site of the DNA polymerase was masked by a DNA substrate and 
immobilized on a Au surface by covalent bonding. Detailed procedure of the immobilization 
method is described in the example. The polymerase activity of the immobilized enzyme as 
prepared by this method was high enough (about 60-80% compared to the solution phase DNA 
polymerase) to use for PGR. However, the immobilized DNA polymerase that can be used with the 
present invention is not limited to those prepared by the method used in the example of the present 
invention, but includes those prepared by other methods. 

[0080] In the nucleic acid sequence amplification method of the thermal convection type 
according to the present invention, DNA polymerases that are not thermostable, such as Klenow 
fragment and T7 DNA polymerase, may be used in addition to the thermostable polymerases such 
as Tag DNA polymerase. This is due to the following fact. By the virtue of the characteristics of 
the present invention, the temperature of the total sample does not change from a high temperature 
to a low temperature or vice versa repeatedly, but the specific regions in the sample are maintained 
at constant temperatures. For instance, the upper portion of the sample may be maintained at a low 
temperature, whereas the bottom portion of the sample may be maintained at a high temperature. 
It is possible to use DNA polymerase that is not thermostable, by locating the immobilized DNA 
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polymerase in the low temperature region or in the upper portion of the convection region near the 
low temperature region. 

Examples 

[0081] Example 1, 2, and 3 described below confirm that the objectives of the present invention 
can be achieved using a nucleic acid sequence amplification apparatus of the present invention. 

[0082] Example 1. 

[0083] 1. Methods 

[0084] 1.1. Reaction vessel 

[0085] A glass tubing with its one end closed was used as a reaction vessel. The glass tubing 
had a length of 55-60 mm, an inner diameter of 2 mm, an outer diameter of 8 mm, and a thickness 
of 3 mm at the bottom-side closed end. The inner wall of the glass tubing was coated with 
polytetrafluoroethylene using a spray type coating material and thermally hardened. 

[0086] 1.2. Sample 

[0087] pBluescript II KS(+) was used as a template DNA. The sample used in PCR contained 
40 ng of the template DNA, 40 pmol each of T3 primer (5'-ATTAACCCTCACTAAAG-3) (SEQ 
ID NO: 1) and T7 primer (5'-AATACGACTCACTATAG-3') (SEQ ID NO: 2), 4 nmol of dNTP, 1 
pmol (5 U) of Taq DNA polymerase, and 250 nmol of MgCb in 100 \i\ of 10 mM Tris buffer at pH 
8.3 containing 50 mM KCl. 

[0088] 1.3. Reaction temperature and reaction time 

[0089] Firstly, the first thermally conductive block 101 was heated with an electric heating unit 
and maintained at 96 °C, and the second thermally conductive block 102 was maintained at 45 °C 
using a circulating water bath. The sample prepared above was injected to the reaction vessel, and 
the reaction vessel was then inserted into the receptor 111, 117, and 112. The sample was allowed 
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to react for a suitable time. During the reaction, the reaction vessel was pressurized to about 1.2 
atm by adding nitrogen gas to prevent boiling of the sample solution. 

[0090] 1.4. Measurement of the temperature distribution in the sample 

[0091] The temperature in each region of the sample was measured under the above reaction 
conditions. The tip of a thermocouple thermometer was placed every 2.5 mm from the bottom of 
the reaction vessel, and the temperature was measured and recorded after sufficient time. An 
example of the temperature distribution of the sample in the reaction vessel is shown in Figure 4. 
[0092] 2. Results 

[0093] First, the measured temperature in each region of the sample in the reaction vessel under 
the above reaction conditions confirmed (see Figure 4) that a high temperature region above 90 °C 
for denaturation, a low temperature region around 50 1; for annealing, and a convection region 
having a temperature gradient for induction of the thermal convection are formed. Polymerization 
is expected to occur in the low temperature region and the upper portion of the convection region. 

[0094] After the sample was incubated for a given reaction time under the above reaction 
conditions, the reaction vessel was taken out and cooled. The reaction products were analyzed by 
electrophoresis using 1.0% agarose gel. Figure 5 is a photograph of the electrophoresis results 
obtained at the reaction times up to 4 hours for every 30 min time interval. The reaction product is 
a 164 bp double stranded DNA. As can be seen in Figure 5, the PCR reaction reaches saturation 
before 90 min. 

[0095] Example 2. 

[0096] 1. Methods 

[0097] In addition to T3/T7 primer pair, KS/U , KS/Pvm II , and KS/Nae I primer pairs were 
also examined in the experiments. The reaction time was set to 150 min, and other reaction 
conditions were the same as in Example 1. The sequences of the T3 and T7 primers were 
described in Example 1, and the sequences of other primers are given as follows: 



[0098] KS primer: 5'-CGAGGTCGACGGTATCG-3' (SEQ ID NO: 3) 
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[0099] U primer: 5'-GTAAAACGACGGCCAGT-3^ (SEQ ID NO: 4) 
[00100] Pvu 1 1 primer: 5'-TGGCGAAAGGGGGATGT-3' (SEQ ID NO: 5) 
[00101] Nae I primer: 5'-GGCGAACGTGGCGAGAA-3' (SEQ ID NO: 6) 

[00102] 2. Results 

[00103] As in Example 1, the reaction products were analyzed by electrophoresis. Figure 6 is a 
photograph of the electrophoresis results of Example 2, where lanes 1, 2, 3, and 4 are the results 
obtained with T3/T7, KS/U, KS/Pvw 1 1 , and KS/Nae I primer pairs, respectively. It can be seen 
that the four primer pairs produced double stranded DNAs with correct sizes of 164 bp, 144 bp, 213 
bp, and 413 bp, respectively. 

[00104] Example 3. 

[00105] 1. Methods 

[00106] Instead of adding Taq DNA polymerase to the sample, Tag DNA polymerase was 
immobilized on the surface of a Au wire and it was located in the low temperature region. Other 
experimental conditions were the same as in Example 1. 

[00107] The method used to immobilize the DNA polymerase is described below. 

[00108] The 65 base single stranded DNA and the KS primer shown below were mixed in a pH 
8.3 phosphate buffer at 1:1 molar ratio. The resulting solution was incubated at 94 ''C for 10 min 
and then cooled down slowly below 35 1). During this process, the 65 base single stranded DNA 
and the KS primer were annealed to form a partially double stranded DNA. An appropriate number 
of moles of Taq DNA polymerase (AmpliTaq Gold) purchased from Perkin Elmer (U.S.A.) was 
then added to this solution and the resulting mixture was incubated in a dry bath at 72 for 10 
min. Then, the mixture was moved to a dry bath at 50 and incubated for 20 min to finish 
preparation of a masked DNA polymerase in which the partially double stranded DNA is bound to 
the active site of the DNA polymerase. 



PATENT 
12090-03USA 



19 



Express Mail Label: ER 637223271 US PATENT 

12090.03USA 

[00109] KS primer: 5*-CGAGGTCGACGGTATCG-3' (SEQ ID NO: 1) 
[00110] 65-mer: 

[00111] 3'-CCAGCTGCCATAGCTATTTTCTTTTCTTTCTTAAGrrCTriTCTTT^ 
TGATCAAGATCT-5' (SEQ ID NO: 7) 

[00112] In order to have a maximum amount of immobilized DNA polymerase be 0.26 pmol, Au 
wire having an outer diameter of 0.1mm and a length of 4.7 cm was prepared and used after 
manipulating it to a coil shape having an outer diameter of 1.5 mm and a length of about 4 mm. In 
order to ensure the cleanness of the surface of the Au wire, it was washed with Piranha solution for 
10-^ 15 minutes at 60~70 1) and was rinsed with deionized water and subsequently with absolute 
ethanol, right before using. 

[00113] In order to introduce reaction groups for immobilization on the Au surface, a monolayer 
of thiol molecules was formed on the Au surface by using the Au-S bond formation reaction, that is, 
by using the thiolate formation reaction between a linker molecule having a thiol group and Au, to 
prepare a supporting material. In this reaction, a mixed solution containing two kinds of thiol 
molecules having an immobilization reaction group and a non-reactive group, respectively, was 
used. The mole fraction of the thiol molecule having the immobilization reaction group with 
respect to the total moles of the two thiol molecules was selected to be 5%. In order to introduce a 
carboxyl immobilization reaction group, 12-mercaptododecanoic acid having a relatively long alkyl 
chain was used as a linker molecule. As a thiol molecule having a non-reactive group, 
6-mercapto-l-hexanol or 1-heptanethiol was used as a matrix molecule. The carboxyl 
immobilization reaction group was introduced on the surface of the Au wire by placing it in 100 |al 
of a 2 mM mixed thiol solution in ethanol for 2 hours at room temperature and washing it with 
absolute ethanol. 

[00114] The Au wire on which the carboxyl immobilization reaction groups were introduced was 
placed in 120 |al of an ethanol solution containing 10 mM of 
l-ethyl-3-(3-dimetylaminopropyl)carbodiimide (EDC) and 5 mM of N-hydroxysuccinimide (NHS) 
for 2 hours at room temperature. The carboxyl group was activated by reacting with NHS in the 
presence of EDC and thus forming NHS-ester. 
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[00115] After activating the carboxyl groups of the thiol monolayer, the Au wire was moved to 
the enzyme solution containing the active-site masked DNA polymerase. In this step, the activated 
carboxyl (NHS-ester) of the thiol monolayer reacted with the primary amine of the protein, forming 
an amide bond (-CO-NH-). As a result, the Taq DNA polymerase was immobilized on the 
supporting material. 

[00116] 2. Results 

[00117] As in Example 1, the reaction products were analyzed by electrophoresis. Figure 7 is a 
photograph of the electrophoresis results obtained at the reaction times up to 4 hours for every 30 
min time interval. As can be seen in Figure 7, the PCR reaction reaches saturation before 150 
minutes. 

[00118] From the results of Example 1, 2, and 3, the following points can be seen. 

[00119] Firstly, the nucleic acid sequence amplification apparatus based on the thermal 
convection according to the present invention works efficiently. 

[00120] Secondly, it was confirmed that the PCR process can be performed by locating the DNA 
polymerase immobilized on a solid surface in the low temperature region or in the upper portion of 
the convection region by using the nucleic acid sequence amplification apparatus based on the 
thermal convection according to the present invention. It was thus confirmed that DNA polymerases 
that are not stable at high temperature can also be used. 

[00121] It should be apparent to those skilled in the art that the present invention described above 
is not limited to the above embodiments and the attached drawings and that various substitutions, 
changes, and modifications are possible without departing from the technical ideas of the present 
invention. Therefore, the above embodiments and modifications are only for illustration, and should 
not be interpreted to be limiting the present invention. The real scope of the present invention 
should be determined by the following claims and is not restricted in any way by the specification. 
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[00122] As described above, in the present invention, a plurality of specific regions of the sample 
are maintained at specific temperatures, and thermal convection among the specific regions makes 
the sample circulate inside the reaction vessel. Thus, the denaturation, annealing, and 
polymerization steps can be performed sequentially and repeatedly. Therefore, the following effects 
can be noted. 

[00123] Firstly, the nucleic acid sequence amplification apparatus can be designed with a simple 
composition. The present invention does not require the process for changing the temperature of the 
sample. Therefore, the design according to the present invention can be made simpler because 
complex devices included in the prior apparatuses for changing and controlling the sample 
temperature are not required. 

[00124] Secondly, the apparatus according to the present invention can be readily miniaturized or 
integrated into a complex apparatus such as Lab-on-a-chip to perform the PGR nucleic acid 
sequence amplification process. It can also be incorporated into the apparatuses in which 
temperature change is not desirable. 

[00125] Thirdly, DNA polymerases that are not thermostable can also be used. This is because 
immobilized DNA polymerases can be used in the present invention by locating them in a specific 
region inside the reaction vessel which region is maintained at a temperature suitable for the 
polymerase activity. According to the present invention, when an immobilized DNA polymerase is 
used, PGR can be performed with the immobilized DNA polymerase maintained at the temperature 
where the polymerase is active. Therefore, according to the present invention, enzymes having their 
optimal activities at low temperature, such as Klenow fragment or T7 DNA polymerase, may also 
be used for the PGR process. 

[00126] Finally, the reaction time for PGR can be reduced. In the present invention, there is no 
need to change the temperature of the total sample. Thus the time needed for changing and 
controlling the temperature of the whole sample can be saved. 
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